Fluorescent mesomorphic materials have been synthesized by grafting difluoro-bora-diazas-indacene (F-Bodipy) onto first-, second-, and third-generation liquid-crystalline poly(aryl ester) dendrons functionalized with cyanobiphenyl units. The second-and third-generation dendrimers give rise to smectic A phases; the first-generation dendrimer shows a nematic phase and an unidentified phase. The supramolecular organization within the smectic A phase could be established from X-ray experiments: the dendritic core is oriented approximately parallel to the layer planes and the mesogenic units are oriented perpendicularly above and below the dendritic core; interdigitation occurs between neighboring layers. All the materials are highly fluorescent both in solution and in the mesophases. For the first-generation dendrimer, the formation of J-aggregates was detected. The higher-generation dendrons prevented the formation of aggregates. Therefore, the dendrons play the role of liquid-crystalline promoters and protective shells.
Introduction
The chemistry of dendrimers generates a growing interest in materials science 1 and medicinal science. 2 Dendrimers have also been specifically designed to build-up supramolecular architectures, including Langmuir and Langmuir-Blodgett films, 3,4 micelles, 5 membranes, 6 and liquid crystals.
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Liquid crystals are of interest as they give rise to various mesophases, the properties of which can be used in nanotechnologies. 8 In the case of dendrimers, the liquid-crystalline properties can be tuned by careful control of the structure and nature of the mesogenic units (chirality, polarity, length, location) and dendritic core (generation, rigidity/stiffness, connecting groups).
7,9,10,12, 13 Furthermore, liquid-crystalline dendrimers tolerate functional groups, so self-assembled functional materials based on such monodispersed macromolecules can be designed. Indeed, we have synthesized liquid-crystalline [60] fullerenes (nematic, chiral nematic, smectic A, smectic C, columnar phases), 11 liquidcrystalline ferrocenes (smectic A phase), 14, 15 liquid-crystalline [60] fullerene-ferrocene dyads (smectic A phase), 16 ,17 and liquid-crystalline diruthenium clusters (nematic and smectic A phases). 18 On the other hand, highly fluorescent difluoro-boradiaza-s-indacene (F-Bodipy) derivatives are a promising class of dyes fulfilling the criteria of stability and chemical availability combined with high molar extinction coefficients, high fluorescence quantum yields, and narrow emission bandwidths in fluid solutions; however, they remain relatively unexplored in the field of liquid-crystalline *Corresponding authors. E-mail: ziessel@unistra.fr (R.Z.); jbarbera@unizar.es (J.B.); robert.deschenaux@unine.ch (R.D.). materials. [19] [20] [21] These dyes are characterized by a pronounced chemical and photochemical stability in solution and in the solid state and by remarkable electron transfer properties. The optical properties are sensitive to modifications of the pyrrole core, [22] [23] [24] the central meso-position, 25, 26 and the boron substituents. 27 They are currently used as chromogenic probes and fluorescent chemosensors, [28] [29] [30] [31] [32] [33] fluorescent switches, 34 electro-chemiluminescent materials, [35] [36] [37] laser dyes, 38,39 fluorescent labels for biomolecules and cellular imaging, 27 drug delivery agents, 40 photodynamic therapy, 41 and electron-transfer probes for radical ion pairs generated by local electric fields. 42 Such dyes were also used in energy conversion devices such as OLEDs 43 and solar cells. [44] [45] [46] [47] [48] These fascinating applications attest to the exceptional robustness and processability of these nonionic dyes allowing their sublimation under high vacuum to provide electroluminescent layers. 36, 37 However, a frequently encountered deficiency in the use of Bodipy in photon or electron responsiveness molecular devices is the difficulty to organize these dyes into predictable assemblies such as liquid-crystalline materials or supramolecular gels. We discovered that amphipathic alkoxydiacylamido platforms bearing chelating oligopyridine cores 49, 50 or F-Bodipy dyes 51, 52 are able to self-assemble into columnar phases and fibrous networks by means of intermolecular hydrogen bonds. Note that negatively charged Bodipy luminophores also provide columnar phases by ionic self-assembled processes with ammoniumbased amphiphiles. 53 Along these lines other luminescent metallomesogens based on d-block transition metals [54] [55] [56] [57] [58] [59] [60] [61] or lanthanides 62, 63 have previously been studied. To further explore the possibility to design liquid-crystalline F-Bodipy dyes which self-assemble into predictable mesophases, we decided to use mesomorphic dendrimers as liquid-crystalline promoters. Indeed, the latter have been used to synthesize liquid-crystalline materials from bulky, nonmesomorphic units (fullerene, ferrocene, organometallic clusters) as mentioned above. We anticipated that they should also tolerate the F-Bodipy unit.
We demonstrate, herein, that a Bodipy framework adequately functionalized with an amino function provides a unique platform to be cross-coupled to liquidcrystalline dendrons and to study the luminescence properties in the mesomorphic materials. In this first study, we selected poly(aryl ester) dendrons carrying cyanobiphenyl mesogenic units to obtain lamellar organization.
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Results and Discussion Materials and Syntheses. The dendritic poly(aryl ester) carboxylic acids Acid-G 1 (first generation), Acid-G 2 (second generation), and Acid-G 3 (third generation) (Chart 1) are obtained in good yields by the oxidation of the corresponding aldehydes 64 with sodium chlorite and sulfamic acid in aqueous tetrahydrofuran (THF). The syntheses of Acid-G 1 , 65 Acid-G 2 , 66 and Acid-G 3 18 have already been described.
The synthesis of the BOD-G n (n=1, 2, 3) compounds (Chart 2) was inspired by peptide synthesis 67 and was made feasible by using a solution of the Acid-G n dendrimers and a Bodipy amino derivative 68 in the presence of the hydrochloride salt of 1-ethyl-3-[3-(dimethylamino)-propyl]carbodiimide (EDC 3 HCl) and 4-dimethylaminopyridine (DMAP) (Scheme 1).
The purification of the BOD-G n materials was achieved by column chromatography on silica gel followed by crystallization from a CH 2 Cl 2 /CH 3 CN mixture. The molecular structures and purity were assigned by 1 H and 13 C NMR spectroscopy, infrared spectroscopy, mass spectrometry, and elemental analysis.
Liquid-Crystalline Properties. The thermal and liquidcrystalline properties of BOD-G n were investigated by polarized optical microscopy (POM) and differential scanning calorimetry (DSC). The mesomorphic properties of Acid-G n have already been described elsewhere.
18, 65, 66 The phase transition temperatures and thermodynamic data are reported in Table 1 .
Compound BOD-G 1 shows two mesophases, a nematic phase (schlieren texture) and a mesophase that could not be identified by POM as no typical texture was observed. Compounds BOD-G 2 and BOD-G 3 lead to the formation of smectic A phases (focal-conic and homeotropic textures). The textures of the nematic and smectic A phases displayed by BOD-G 1 and BOD-G 3 are shown in Figures 1  and 2 , as illustrative examples. The clearing point increases with the dendrimer generation. This behavior is due to the fact that the intermolecular interactions increase with the number of cyanobiphenyl units. A lowering of the clearing point is observed for the BOD-G n compounds compared to their corresponding Acid-G n precursors. This is a consequence of the presence of the F-Bodipy unit which generates steric hindrance, probed by the tetrahedric boron atom and the orthogonality of the phenyl ring in the meso position, the consequence of which is a decrease of the intermolecular interactions. Finally, the formation of smectic A phases observed for BOD-G 2 and BOD-G 3 (and also for the liquid-crystalline precursors Acid-G 2 and Acid-G 3 ) is in agreement with the nature of the dendromesogens which have a strong tendency to align parallel one to each other and so give rise to the formation of layers, as observed for analogous liquid-crystalline dendrimers 11,16-18 and side-chain liquid-crystalline polymers.
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Supramolecular Organization. The structures of the mesophases displayed by the BOD-G n compounds were Chart 2 investigated by X-ray diffraction (XRD) at variable temperatures. The XRD data are reported in Table 2 . At room temperature, before any thermal treatment, the three compounds yield patterns typical of crystalline phases. When they are heated into the mesophases and cooled down to room temperature, the XRD measurements indicate that crystallization does not take place and the mesomorphic order is maintained. This result is consistent with the POM observations and DSC curves (as an illustrative example, DSC curves of BOD-G 3 are shown in Figure 3) . For BOD-G 3 , the diffraction patterns taken under these conditions are characteristic of a smectic phase (Figure 4 ). They contain a sharp, strong reflection in the small-angle region and a broad, diffuse
propyl]carbodiimide (EDC 3 HCl), 4-dimethylamino-pyridine (DMAP), CH 2 Cl 2 , r.t.; yields: 57% for BOD-G 1 , 56% for BOD-G 2 , 61% for BOD-G 3 . halo in the wide-angle region. The small-angle maximum arises from the reflection of the X-rays on the smectic planes and, by applying Bragg's law, this maximum gives a d-layer spacing of 25.5 Å . The halo is consistent with the absence of positional order inside the layers. Thus, the pattern corresponds to a disordered smectic phase, that is, a smectic A phase in agreement with the textures observed by POM. The measurements were performed at several temperatures between the melting transition, detected during the first heating run by DSC, and the clearing point. In all cases, the same type of diffractograms was qualitatively obtained. The measured d-layer spacings slightly decreased upon increasing the temperature.
The d-values obtained are 25, 24.5, and 24 Å at 105, 155, and 205°C, respectively. For BOD-G 2 , a diffraction pattern typical of a smectic phase was obtained when the sample was heated above the clearing point and then cooled down to the mesophase, at 105°C in this case. Under these conditions, a pattern similar to those recorded for BOD-G 3 was obtained. The d-layer spacing was found to be 24 Å . From this value, which is close to the one obtained for BOD-G 3 , it is concluded that both BOD-G 2 and BOD-G 3 display the same type of mesophases. It is interesting to note that the intensity of the Bragg reflection for BOD-G 2 is much weaker and broader than for BOD-G 3 .
For BOD-G 1 , no reflections could be detected under any conditions applied from the clearing point down to room temperature. This result is consistent with the nematic phase identified by POM. However, both DSC and POM techniques indicated the transformation of the nematic phase into another one at 119°C. Considering the structure of the liquid-crystalline promoters, this mesophase should be a disordered smectic phase. The absence of Bragg reflections for the low-temperature mesophase can account for a poor molecular layering due to a diffuse interface between the layers. This interface seems to become more and more diffuse as the generation of the dendrimer decreases, as deduced from the decrease in intensity and broadening of the Bragg signals in BOD-G 2 compared to BOD-G 3 , and from the absence of signals in the pattern of BOD-G 1 .
To understand this behavior, it is important to compare the measured d-layer spacings and the molecular lengths. The estimated molecular lengths L (obtained by HyperChem software) in the most extended conformation are about 79 Å for BOD-G 2 and 76 Å for BOD-G 3 ; as for the mesogenic unit, including the decamethylene spacer, the molecular length is about 31 Å . It is obvious that the experimentally determined d-layers spacings (i.e., 24 and 25 Å for BOD-G 2 and BOD-G 3 , respectively) cannot correspond to the layer thicknesses and thus the Bragg reflections are in fact the second order reflections, the first order reflections being absent. Such a result can be obtained when there is a strong modulation of the electronic density with a periodicity equal to half that of the layer thickness. In this case, the actual d-layer thicknesses at 105°C are 48 Å (2 Â 24 Å ) for BOD-G 2 and 50 Å (2 Â 25 Å ) for BOD-G 3 . The fact that d is significantly smaller than L implies that the dendritic core extends laterally, approximately parallel to the layer planes. The cyanobiphenyl mesogenic units are oriented above and below the dendritic core and interdigitation occurs between neighboring layers ( Figure 5 ). This model, which is in agreement with that found for other dendritic systems containing the same mesogenic units, 18,64 implies the presence of a sublayer containing the aromatic dendritic branches located in the middle of the smectic layer. This sublayer has a high electronic density, and thus the smectic layers are formed by two alternating sublayers containing the dendritic core (including the F-Bodipy core) and the mesogenic units. This alternating structure accounts for the above-mentioned modulation of the electronic density with a periodicity that is half that of the layer thickness. This phenomenon has been described for side-chain liquid-crystalline polymers and is accounted by the confinement of the polymer backbones in a thin sublayer perpendicular to the director, so that the backbones (the dendritic core in this case) produce an electron density maximum comparable to that of the mesogenic cores. 72, 73 Moreover, the interdigitation of the cyanobiphenyl mesogenic units makes the interface between the layers diffuse, and this is in agreement with the weakness (for BOD-G 2 and BOD-G 3 ) [or absence (for BOD-G 1 )] of the small-angle diffraction peaks.
Spectroscopic Studies. Spectroscopic data for the BOD-G n compounds are gathered in Table 3 . All the compounds show similar absorption features which are characteristic of Bodipy fluorophores, and a typical example is given in Figure 6 . The absorption spectrum is composed of a strong S 0 f S 1 (π f π*) transition located around 525 nm, with molar extinction coefficients ranging from 70 000 to 80 000 M -1 cm -1 , in keeping with classical F-Bodipy derivatives. 68 A second absorption band, centered around 355 nm, is assigned to the S 0 f S 2 transition of the Bodipy subunit. 74 The third absorption around 275 nm is likely due to π-π* and n-π* transitions localized on the dendrimer and dipyrromethene fragments. As expected, the absorption coefficients of the bands centered at 525 and 355 nm, belonging to the dipyrromethene fragment, remain constant within the series, whereas the absorption coefficient of the absorption band centered at 275 nm increases proportionally with the generation of the dendrimer. The BOD-G n compounds have high fluorescence quantum yields ranging from 61 to 65%. The weak Stoke shifts (about 500 cm -1 ) observed over the whole series of fluorophores are in agreement with a weakly polarized excited state typical of singlet emitting state. The excitation spectra, centered on the Bodipy fragment, match the absorption spectra ( Figure 6 as a typical example), which is in agreement with a unique excited state. The fluorescence decay profiles of these molecules can be fitted by a singleexponential, with fluorescence lifetimes ranging from 6.1 to 7.7 ns (Table 3) , in line with a singlet emissive state. The radiative rate constants are similar for all BOD-G n compounds (within experimental error), attesting little influence of the mesogenic platform to the F-Bodipy residue.
Temperature-dependent fluorescence measurements were performed in the solid state with a spectrofluorimeter equipped with an optical fiber and a heating stage. The evolution of the luminescence of compound BOD-G 1 in the solid state as a function of the temperature is presented in Figure 7 . The emission spectrum measured at room temperature shows a large emission band from 525 up to 700 nm with two distinct maxima at 565 and 650 nm. The band at 565 nm can be attributed, with respect to the measurements performed in dichloromethane, to the emission of the monomeric species and the red-shifted band at 650 nm to the emission of aggregated Bodipy species. 52 This red-shift of the emission maxima is induced by the formation of molecular J-aggregates with a head-to-tail arrangement in which the excitonic energy is delocalized as a result of intermolecular coupling between molecules. 21 Upon heating, the intensity of the emission band at 565 nm increases at the expense of the emission band at 650 nm. The augmentation of the temperature likely facilitates the dislocation of the aggregates in favor of the monomeric species which emits at 565 nm. The observed process is completely reversible, and upon cooling, the emission at 565 nm is depleted in favor of the emission at 650 nm.
For the larger BOD-G 2 and BOD-G 3 dendrimers, the room temperature luminescence spectra have a broad emission bands centered at 597 nm and at 604 nm, respectively. This single emission is likely attributed to the emission of the monomeric species, and no evidence for formation of aggregates was observed. Increasing the temperature does not significantly change the shape of the emission band but decreases the emission intensity due to nonradiative deactivation pathways. The emission maxima are slightly blue-shifted upon heating. The shift of the spectrum and the decrease of the intensity evolve monotonically, and the shape of the emission band remains large and unstructured. No clear transitional effect can a Determined in dichloromethane solution using Rhodamine 6G as reference (Φ F = 0.78 in water, λ exc = 488 nm). 75 All Φ F are corrected for changes in refractive index.
b Calculated using the following equations: k r = Φ F /τ F , k nr = (1 -Φ F )/τ F , assuming that the emitting state is produced with unit quantum efficiency. Figure 6 . Absorption spectra for BOD-G 3 (absorption in black, excitation in green), and emission spectra in red (λ exc = 490 nm). All spectra were measured in CH 2 Cl 2 at rt (c = 2.4 Â 10 -6 M). be observed above and below the isotropization temperature. Upon cooling, the reverse process is observed in both cases excluding decomposition of the materials. The emission spectrum is gradually red-shifted, and the intensity of emitted light increases, reaching the value of the room temperature. From these solid-state emission studies, it clearly appears that F-Bodipy aggregates are prominently formed with dendrimer G 1 whereas less aggregated species are formed with the larger G 2 and G 3 dendrimers. In the case of G 2 and G 3 dendrimers, their large sizes, most likely, account for a better coating and isolation of the F-Bodipy fragment. The smaller size dendrimer appears to be less effective to isolate the Bodipy fluorophores in the mesomorphic state.
Conclusions
Difluoro-bora-diaza-s-indacene dyes have been successfully grafted onto poly(aryl ester) dendrons bearing cyanobiphenyl mesogenic units via the formation of amide bonds. These dual dendritic units appear remarkably stable in solution and in the solid state, and no fluorescence decrease was observed versus time even by heating up to 200°C. The second-and third-generation dendrimers display smectic A phases; the first-generation dendrimer shows a nematic phase and an unidentified phase. Interestingly, we found that the dyes remain highly fluorescent in the mesophases. Moreover, aggregates of F-Bodipy are prominently present in the first-generation dendrimer and the second-and third-generation dendrimers favor dispersion of the dye moieties, preventing the formation of aggregates. The red shift of the emitted light above 700 nm is in favor of J-aggregates. Our results show that highly fluorescent dendritic mesomorphic materials can be adequately produced and that the aggregation tendency of F-Bodipy can be adjusted by the choice of the dendrimer generation. We believe that this research is helpful for the design of multicolored liquid crystals for which adequate mixing of mesogenic dyes with different colors might favor excitonic energy transfer processes strongly dependent on the nature of the mesophases. Even though a significant amount of knowledge is available in the design of fluorescent mesogens, the control of energy transfer processes in a few nanometers scale length and their application in organic electronic devices are still challenges, in particular within the context of the emerging areas of supramolecular electronics and nanodevices.
Experimental part
Transition temperatures (onset point) and enthalpies were determined with a differential scanning Mettler DSC DSC822 e calorimeter, under N 2 /He, at a rate of 10°C/min. Optical studies were conducted using a Zeiss-Axioskop polarizing microscope equipped with a Linkam-THMS-600 variable-temperature stage. The XRD patterns were obtained with a pinhole camera (Anton-Paar) operating with a point-focused Ni-filtered Cu KR beam. The samples were held in Lindemann glass capillaries (1 mm diameter) located perpendicular to the X-ray beam and heated, when necessary, with a variable-temperature attachment. The patterns were collected on flat photographic film perpendicular to the X-ray beam. The d-layer spacings were obtained via Bragg's law.
The 300.1 ( 1 H) and 75.5 MHz ( 13 C) spectra were recorded at room temperature using perdeuterated solvents as internal standards. FT-IR spectra were recorded using a Perkin-Elmer "spectrum one" spectrometer equipped with an ATR "diamond" apparatus. UV-vis spectra were recorded using a Shimadzu UV-3600 dual-beam grating spectrophotometer with a 1 cm quartz cell. Fluorescence spectra were recorded on a HORIBA JobinYvon fluoromax 4P spectrofluorimeter with a 1 cm quartz cell for solutions or an optical fiber for solids. All fluorescence spectra were corrected. The fluorescence quantum yield (φ exp ) was calculated from eq 1. Here, F denotes the integral of the corrected fluorescence spectrum, A is the absorbance at the excitation wavelength, and n is the refractive index of the medium. The reference system used was rhodamine 6G in methanol (φ ref =0.78, λ exc =488 nm).
Luminescence lifetimes were measured on a PTI QuantaMaster spectrofluorimeter using TimeMaster software with time-correlated single photon mode coupled to a Stroboscopic system. The excitation source was a thyratron-gated flash lamp filled with nitrogen gas. No filter was used for the excitation. An interference filter centered at 550 nm selected the emission wavelengths. The instrument response function was determined by using a light-scattering solution (LUDOX). Chromatographic purification was conducted using 40-63 μm silica gel. Thin layer chromatography (TLC) was performed on silica gel plates coated with fluorescent indicator. All mixtures of solvents are given in v/v ratio.
General Procedure for the Synthesis of BOD-G n Compounds (Scheme 1). To a stirred solution of Acid-G n (1 equiv) in dry CH 2 Cl 2 were added sequentially B-amino (10-[4-aminophenyl]-2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyldipyrrolo[1,2-c:2,1-f ][1,3,2]diazaborinin-4-ium-5-uide), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC 3 HCl) (3 equiv), and 2,2-dimethylaminopyridine (DMAP) (3 equiv). The reaction mixture was stirred at room temperature until TLC (SiO 2 ; CH 2 Cl 2 /MeOH 99:1) indicated no more evolution of the reaction (about 48 h). The reaction mixture was evaporated to dryness, and the residue was dissolved in CH 2 Cl 2 (20 mL) and washed with water (3 Â 15 mL). The organic layer was dried (MgSO 4 ) and filtered and the solvent evaporated. The crude product was purified by chromatography on a column packed with silica gel using CH 2 Cl 2 / MeOH (100/0 to 99.7/0.3) as eluent. Recrystallization from CH 2 Cl 2 /CH 3 CN afforded the desired BOD-G n compounds as red powders.
Compound BOD-G 1 . BOD-G 1 was prepared from Acid-G 1 (0.112 g, 0.07 mmol), B-amino (0.033 g, 0.08 mmol), EDC 3 HCl (0.040 g, 0.21 mmol), DMAP (0.026 g, 0.21 mmol), and CH 2 Cl 2 (20 mL) to give 0.080 g (57%) of BOD-G 1 after crystallization from CH 2 Cl 2 /CH 3 CN. 1 
